Depression of left ventricular function by the combination of halothane anaesthesia and increased ventricular afterload may undesirably reduce stroke volume and increase myocardial oxygen consumption by increasing ventricular wall stress.
100-110 tort, (13.3-14 .63 kPa), and constructed ventricular function curves. Stroke volume was maintained only in the absence of myocardial dysfunction. In an animal study, Sonnenblick and Downing 2 similarly report no change in leftventricular stroke volume over a mean systemic pressure range of 75-120 torr (9.98-15.96 kPa).
Halothane depresses ventricular contractile performance in dogs and primates) and stroke volume and cardiac output at clinical concentrations in man.* Despite this depression of pump function, evidence suggests that cardiac output is adequate for a reduced peripheral oxygen requirement? However, if ventricular afterload is increased during halothane anaesthesia, the depressed ventricular function produced by halothane may cause further depression of stroke volume similar to the reduced stroke volume seen by Ross and Braunwald in patients with depressed ventricular performance? This depression of stroke volume might render cardiac output inadequate for peripheral tissue require-. 230 time-related effects of halothane. Instrumentation took an average of three hours and measurements a further four hours. In those animals where morphine measurements followed halothane measurements, we waited for end-tidal halothane concentrations to be less than 0.1 per cent before proceeding. To increase ventricular afterload, a phenylephrine infusion (0.02 mg/ml) was administered until systolic blood pressure rose to 175torr (23.28kPa). After a stable 5-minute period at this pressure, measurements were repeated during each anaesthetic state. Where halothane measurements were made first, we waited until end-tidal halothane concentrations were less than 0.1 per cent before making measurements during morphine anaesthesia. There was no apparent difference between morphine measurements made before or after halothane (P > 0.05, unpaired "t" test).
From the data obtained, we calculated oxygen consumption as the product of coronary blood flow and the aortic-to-coronary sinus oxygen content difference. It is assumed that coronary sinus oxygen content represents that of the effluent from the region perfused by the left anterior descending coronary artery and the calculated mVo~ represents the oxygen consumption of the region perfused by that artery. This measured parameter is proporronal to total m'v'o2, assuming flow in the left anterior descending coronary artery varies as the total flow. We calculated cardiac output as the product of stroke volume and heart rate and myocardial efficiency as the ratio of minute work (stroke work x heart rate) to m~'oz. External left ventricular enddiastolic diameter (LVEDD) was calculated as the product of the speed of sound in tissue (I.55mm/l.tsec) and the transit time between crystals at end-diastole.
Data were analyzed by repeated measures analysis of variance for the four conditions of the experiment. 7 F ratios for variance during the four experimental states were calculated and Fisher's protected "t" testing conducted where F ratios were significant. In this manner, significant differences between the four stales were detected. Analysis was conducted using an Exidy microcomputer with 16K memory programmed in BASIC.
RESULTS
Results are summarized in Table I, and their  significance is summarized in Table I1 ,
Comparisons between morphine and added halothane anaesthesia
Under control conditions, adding halothane 1.5 per cent to morphine anaesthesia decreased mean blood pressure, stroke volume and ms significantly and increased heart rate, but did not significantly change LVEDD or pressure, cardiac output or cardiac efficiency. When ventricular afterload was increased by raising systemic pressure with phenylephrine, added halothane anaesthesia depressed stroke volume, stroke work, cardiac output and cardiac efficiency significantly, while LVEDP increased significantly. Mean blood pressure, heart rate, mVo~, and LVEDD were not significantly different.
Effects of increased ventricular aftedoad
During morphine anaesthesia the increase in peripheral resistance produced by phenylephrine did not significantly change any variable with the exception of mean blood pressure and mVo2.
During added halothane anaesthesia, phenylephrine increased peripheral resistance, increased systemic pressure, LVEDD, LVEDP. and mVo2 significantly, while decreasing myocardial efficiency, stroke volume and cardiac ontput. Stroke work did not change significantly with increased afterload during added halothane anaesthesia, since stroke volume decreased as systemic pressure increased. Figure 2 shows no difference between LVEDP under control morphine and added halothane conditions. However, over a range of mean pressures, added halothane anaesthesia is associated with higher LVEDP at any given mean systemic pressure. Figure 3 shows cardiac output decreasing with increased systemic pressure during added halothane, but not during morphine anaesthesia. This decreased cardiac output causes decreased myocardial efficiency during added halothane anaesthesia, but efficiency remains unchanged during morphine anaesthesia ( Figure 4 ). However, added halothane depresses left-ventricular stroke work significantly when compared to morphine anaesthesia at all levels of aortic pressure ( Figure 5 ). Interestingly, Figure 6 demonstrates that m~2o2 is similar for both morphine and added halothane anaesthesia provided that mean pressures are the same, despite their different effects upon the determinants of mVoz. Figure 7 shows that the relationship between stroke work and LVEDP is depressed during halothane anaesthesia. While not a true yen-ments. In addition, halothane-induced increases in ventricular volume and diameter might increase oxygen consumption, since wall tension is increased by increased size. This increased oxygen cost of decreased stroke work might be deleterious.
Increased ventricular afterload occurs commonly from the increased systemic pressure seen during vascular surgical procedures. Examples are supra-renal and infra-renal aortic crossclamping, causing increased systemic pressures, and vasopressor infusions to maintain cerebral perfusion during carotid artery surgery. Halothane anaesthesia for these procedures might be associated with depressed myocardial performance: increased myocardial oxygen consumption (mVoz) and inadequate perfusion of peripheral tissues.
In seven dogs, we have examined myocardial performance and haemodynamics during morphine anaesthesia and added halothane anaesthesia after increasing aortic pressure with an infusion of phenylephrine. We found that the addition of halothane depresses contractile performance significantly and reduces myocardial efficiency without increasing mVoz. During added halothane anaesthesia stroke volume is decreased by increased peripheral resistance and large increases in filling pressures occur,
In seven mongrel dogs (20.1 ___ 1.0kg), we administered basal anaesthesia with morphine sulphate 4 rag. kg -~ after induction with intravenous thiopentone 10rag. kg -~. We supplemented anaesthesia with morphine sulphate 0.1 rag. kg -~ at hourly intervals. The tracheae were intubated and the lungs were ventilated with a Harvard animal respirator. A succinylcholine infusion (2mg/ml concentration) was administered at a rate just sufficient to prevent spontaneous respiration. Blood gases were maintained with Paco2 between 4.66 and 5.99 kPa (35 and 45 torr) and Paoz greater than 13.3 kPa (100torr). Calculated base deficits greater than five were corrected by administration of sodium bicarbonate. Figure 1 shows the instrumentation employed.
After attaching electrocardiographic limb leads, we measured central aortic pressure using a catheter inserted through a femoral artery cutdown. We inserted a catheter tip transducer (Millar) into the left ventricle through a carotid artery cut-down. Through a left lateral thoracotomy incision we attached calibrated flow FIGURE 1 Schematic representation of instrumentation used.
probes (Carolina Medical Electronics, King, NC) around the ascending aorta and left anterior descending coronary artery. We attached ultrasonic dimensioning crystals across the external anteroposterior diameter of the left ventricle. Through an external jugular cut-down, a coronary sinus catheter was inserted into the coronary sinus.
The catheter tip transducer was calibrated by comparison with a mercury manometer before insertion. Zero coronary flow was obtained by occlusion of the vessel beyond the probe. Ultrasonic crystal separation was calibrated by comparison with an internal reference source. Using an analog computer (Mini AC, EA1, West Long Branch, N J), we obtained stroke volume by integrating the aortic flow signal. Stroke work was processed similarly as the integral of the product of left ventricular pressure and aortic flow.
We measured left ventricular end-diastolic pressure (LVEDP). End-tidal halothane concentrations were measured using an ultraviolet halothane meter (Cavitron) attached to a sampiing tube inserted through the tracheal tube. Blood gases were measured (Model BGM2, The London Company, Cleveland, OH) and calibrated before each determination. Oxygen content was determined using a modified Klingenmeier method. 6 Control morphine measurements were made randomly before or after control halothane (1.5 per cent ET) measurements to minimize the sistance with phenylephrine. During added halothane anaesthesia, the increased afterload associated with raised peripheral resistance depresses stroke volume and cardiac output Measurement period Control MS = control morphine, Control H = control halothane, MS -4-Afterload = morphine + afterload, H + Afterload = halothanc + afterload.
The table is used in the following nianner. To determine the difference between mean blood pressure at measurement periods "Control MS" and "H + Afterload", enter the table at the row marked "Control MS". The two asterisks at the intersection with column "H + Aftcrload" indicate that measurement periods "Control MS" and "H + Afterload" are significantly different p < .01. FIGURE 6 In 7 dogs, myocardial oxygen consumption is depressed by halothane when compared to morphine. However, at comparable mean blood pressures, myocardial oxygen consumption is similar during both anaesthetic states. significantly. While the oxygen cost of generating this reduced cardiac output is not increased by added halothane, it is not proportionally reduced, and myocardial efficiency is decreased. When compared to morphine anaesthesia, stroke volume, cardiac output and stroke work during added halothane anaesthesia are depressed significantly during both control and increased systemic pressure states.
Ross and Braunwald have shown that stroke volume is maintained when afterload increases in awake man, provided there is no associated depression of cardiac contractile performance.~ in their study, pressures were raised by angiotensin infusions, and systolic pressure did not exceed 170tort (22.61 kPa) in the majority of cases. Similar restilts and conclusions were made in an animal study by Sonncnblick, 2 and increased ventricular volume (preload) in response to increased mean systemic pressure is probably the mechanism responsible for the maintenance of stroke volume in these circumstances. 8'9 Increased systemic pressure only increased external ventricular diameter by approximately 5 per cent in our study. However, when diameter is related to volume by the cubic law, this change produces a t5 per cent increase in ventricular volume.
Similar changes occur when ventricular volume is directly increased by changing preload, rather than afterload. The magnitude of the Frank-Starling effect, or increase in stroke work and stroke volume in response to increased preload, is dependent upon the inotropic state of the left ventricle; depressed ventricular function means that a given increase in preload will produce a smaller increase in strokc volume and stroke work. Figure 6 shows that depression of ventricular function produced by halothane, resulting in decreased stroke volume and cardiac output in our experiment. While due to changing afterload, this depression is similar to that observed by others when preload is changed during halothane anaesthesia.
In any study involving extensive cardiovascular instrumentation, one wonders what role the instrumentation itself plays in the results. Gross surgical trauma, blood loss, and increased catechol secretion might invalidate the results observed. In addition, these factors might producc an unstable preparation with timedependent effects. While these effects are hard to exclude, we do not believe that they were significant in this study. No dog died before cornpletion of the experiment, and the normal ventricular function apparent in dogs anaesthetized with morphine would suggest little effect of instrumentation alone. To minimize timedependent effects, the order oF halothane and morphine administration was randomized and, since each dog served as its own control, the effects of instrumentation are minimized. However, the base deficit present in all four measurement states (Table I) indicates some degree of generalized metabolic acidosis, perhaps as a response to the stress of instrumentation.
When halothane is added to morphine anaesthesia, stroke volume, cardiac output, and stroke work are depressed significantly at both aflerload states. This depression must be interpreted relative to total body oxygen and metabolic demands. If these demands are reduced to the same degree as stroke volume and cardiac output, adequate perfusion of the body has still occurred. The only measure of the adequacy of total body perfusion in this study is base excess. Table 1 shows no significant difference between calculated base deficits at any of the four measurement intervals. However, this is a crude measure, not reflecting individual organ requirements. Mixed venous oxygen content has also been used to assess the adequacy of total body oxygen supply and demand, 5 but also does not reflect the adequacy of individual organ bed perfusion. Some organs may be under-supplied and others over-supplied, yet the mixed venous oxygen content remains within normal limits.
When aortic pressure is increased to comparable values during both anaesthetic conditions, mVo2 associated with halothane does not exceed that measured during morphine anaesthesia (Figure 5), despite a greater systolic wall stress, since LVEDP and LVEDD were significantly elevated during halothane anaesthesia. While this increase in wall stress might increase mVoz, the decreased mVo2 due to reduced left-ventricular contractile performance may have offset this, resulting in similar mVo2 for both anaesthetics at any given mean systemic pressure.
It is interesting to speculate on the quantitative effects of concurrent changes in contractility and diastolic volume upon wall stress and m~'o2. Graham ~2 demonstrated that changes in both contractile performance and wall tension had quantitatively similar effects upon m~'o2. Vatner 3 showed that two per cent halothane anaesthesia produced 68 per cent depression of contractile performance in dogs and primates. On the basis of these two observations, one may speculate that halothane (end-tidal 1.5 per cent) might produce a 50 per cent reduction in m~7o2 in the absence of any change in wall tension or heart rate. Conversely, in our study, we saw a small 5.2 per cent increase in LVEDD and hence leftventricular wall stress, by the law of Laplace. Since m~'o2 is not different between the two anaesthetic conditions at high systemic pressures, it is possible that the reduction in contractility was at least comparable to the increase in wall stress. However, when ventricular volume increases 300 to 400 per cent in the presence of cardiomyopathies or valvular heart disease, .3 wall stress due to increased heart size will have a significant effect on m~'o2, and perhaps additional increases due to anaesthetic agents will have significant effects.
Myocardial oxygen supply may be compromised by the high LVEDP during the combination of added halothane anaesthesia and increased systemic pressure. Buckburg and associates have shown that proximal aortic constriction resulting in elevated ventricular enddiastolic pressure caused significant reduction in subendocardial blood flow. l0 We did not measure subendocardial flow and cannot comment on this point.
While halothane added to morphine anaesthesia does not significantly decrease myocardial efficiency at normal aortic pressures, increased systemic pressures during halothane anaesthesia do depress myocardial efficiency significantly as compared to control halothane and to both morphine anaesthetic states. The myocardium requires additional oxygen to generate a given cardiac output daring the combination of increased afterload and added halothane anaesthesia. In the presence of reduced myocardial oxygen delivery produced by anaemia or ischaemic heart disease, these changes might be deleterious. Myocardial oxygen consumption in this study includes only oxygen consumed by the major portion of the left ventricle, since right coronary and left circumflex coronary flow was not measured. However, in the absence of increased afterload, the values obtained for calculated efficiency are in accordance with those measured by others for halothane anaesthesia, i, Insofar as our results can be extrapolated to man, they suggest that increased systemic pressures during halothane anaesthesia depress stroke volume and cardiac output and increase LVEDP and LVEDD, The increase in LVEDD and the associated increase in left-ventricular wall stress, while theoretically tending to increase m'~oz, are offset by the oxygen sparing effect of decreased contractile performance. Myocardial oxygen consumption is unchanged, but myocardial efficiency is decreased, since cardiac output is depressed. In addition, the increased LVEDP may threaten subendocardial perfusion, thus upsetting the balance of myocardial oxygen supply and demand. Conversely, during morphine anaesthesia, stroke volume, cardiac output and stroke work were maintained with lower LVEDP at similar levels of mVoz.
